The kinetics of growth of the boride layer in the boronizing of carbon steels from EKABOR 3 powder is studied. Relations between the thickness of the boride layer and the parameters of the process, i.e., the temperature and the duration of the boronizing operation, and the composition of the saturated steel are derived. The morphology and the types of the borides are determined by the methods of light microscopy and x-ray diffraction. The parameters of the Arrhenius equation for the kinetics of boronizing are computed. The contour diagram obtained for the variation of the thickness of boride layer makes it possible to determine the size of the layer from data on the parameters of the process.
INTRODUCTION
The approaches most often taken to improve the protective properties of the surface layers of steels are the use of various chemico-thermal treatments and the application of coatings (carbonizing, nitriding, ion nitriding, chromizing, aluminizing, etc.) [1 -4] . Hard surface layers are formed on steels when boronizing is employed. Saturation of the surface of the steel with boron is usually done at 700 -1000°C in a gas, a solid phase, or a salt-bearing medium [5 -12] . The good diffusional mobility of the relatively small boron atoms allows them to easily enter iron alloys and form layers of borides FeB and Fe 2 B with a thickness from 20 to 300 mm. The morphology, phase composition, and growth of a boride layer can be affected by the alloying elements in the base metal [13, 14] . Either a single-phase (Fe 2 B) layer or a two-phase (Fe 2 + FeB) layer is formed on the surface, depending on the temperature and duration of the process, the chemical potential of the boron in the saturating medium, and the chemical composition of the substrate. The coating/substrate interface which is formed in boronizing may be planar (such as in the case of certain high-alloy cast irons and steels) or may be wave-like (in the case of pure iron) [15] . The properties of boride layers are usually superior to the layers formed by nitriding and carbonizing, particularly in terms of their hardness (1600 -2000 HV and 650 -900 HV, respectively). In addition, boronized steels have a high resistance to different types of wear (abrasive and adhesive), surface fatigue, and corrosion in non-oxidizing weak acids, alkalis, and molten metals [16, 17] . Kinetic models have been proposed to determine the parameters that affect the boronizing process. It is important to know how to select the parameters of the process in order to obtain a boride layer of the desired thickness.
The goal of the present investigation is to study the kinetics of the growth of a boride layer during the solid-phase boronizing of steels AISI 1015, AISI 1045, and AISI W110 and use the resulting data to obtain approximating equations that will make it possible to optimize the boronizing operation.
METHODS OF STUDY
Solid-phase boronizing was performed on commercial steels with low, moderate, and high contents of carbon: AISI 1015 (0.15% C; 0.5% Mn; no more than 0.05% S and 0.04% P); AISI 1045 (0.45% C; 0.25% Si; 0.75% Mn; no more than 0.05% S and 0.05% P); AISI W110 (1.% C; 0.35% Si; 0.35% Mn; 0.2% Cr). The boronizing operation was carried out with the use of powder EKABOR-III made by the Degussa Company. This powder contains roughly 5% B 4 C, 5% KBF 4 , and 90% SiC. The size of the particles of the powder was approximately 150 mm.
The rectangular specimens, with dimensions of 5´10´25 mm, were progressively polished with 800-grit emery paper. The specimens were then washed in an ultrasonic bath of acetone and dried. The boronizing was done at temperatures of 855, 880, 940, 1000, and 1025°C over periods of 1.0, 1.8, 4.0, 6.2, and 7.20 h in accordance with the method of central experiment planning [8] . The boronizing operation was carried out in a resistance furnace at atmospheric pressure, with cooling of the product in air. After boronizing, the cross section of the specimen was prepared for metallographic study -it was ground on emery paper with a grit size increasing to 1000 mesh. The ground specimen was then polished with aluminum oxide paste having a particle size of 0.3 mm. The polished specimens were etched in 4% nital. The thickness and morphology of the coating was determined using a light microscope. Phase composition was evaluated on a Philips MPD 1880 x-ray diffractometer in copper radiation.
RESULTS OF STUDY

Parameters of the Coating
Optical microscopy showed that the boride layers have a saw-tooth morphology on steels AISI 1015 and AISI 1045 ( Fig. 1a and b ) and a smooth, pore-free morphology on steel AISI W110 (Fig. 1c) . X-ray diffraction analysis established the presence of the phase Fe 2 B in the boride layer.
Study of the Kinetics of Boronizing and Regression Analysis
The thickness of the boride layer on the investigated steels varied within the range 55 -255 mm (AISI 1015), 52 -235 mm (AISI 1045), and 48 -201 mm (AISI W110), the exact thickness depending on boronizing temperature and time. Graphs of the dependences of the thickness of the boride layer on the process parameters are shown for different steels in Fig. 2a, c , and e, while curves in Fig. 2b, d , and f were plotted for different process temperatures and times and layers of identical thickness. The curves in Fig. 2a, c , and e were constructed from experimental data with the use of the software Design Expert â 8.0.7.1. The curves in Fig. 2b, d , and f can be used for two purposes: 1 ) predict the thickness of the layer based on the temperature and duration of the boronizing operation; 2 ) determine the temperature and time of the process for obtaining a boride layer of a prescribed thickness.
The experimental results that were obtained made it possible to calculate the constant K which characterizes the rate of growth of the boride layer at each temperature. This calculation was performed with the use of the equation
where d is the thickness of the boride layer, mm; t is the duration of the boronizing operation, sec; K is a constant that depends on the diffusion coefficient and the chemical nature of the diffusing element. It can be seen from Fig. 3 that the thickness of the boride layer is directly proportional to the square root of the duration of the boronizing operation when the latter is within the range from 1 to 7 h. The Arrhenius equation is satisfied for the growth rate constant K (m 2 /sec) [19] :
where Q is the activation energy, J/mole; T is the temperature of the process in degrees Kelvin, K: K 0 is the frequency factor; R is the gas constant, J/(K × mole). After some trivial transformations of Eqs. (1) and (2), the activation energy for the diffusion of boron in the boride layer is determined as the slope tangent of the dependence of ln K on 1/T. The graph of this relation is linear in these coordinates (Fig. 4) . The values of Q and K 0 obtained on the basis of the graphs in Fig. 4 are shown in Table 1 .
With allowance for the constants determined from the experiment, we obtained the following equations to calculate the thickness of the boride layer d (mm) for different temperatures T (K) and different boronizing times t (sec): The values reported in the literature for the growth-rate constants of boride layers and the activation energy of the process (Table 2 ) are characterized by a high degree of scatter. Figure 5 shows the diffraction pattern of steel AISI 1045 after boronizing at 940°C for 4 h. X-ray diffraction analysis confirmed the metallographic results which showed that a layer of the boride Fe 2 B is formed on steel AISI 1045 during boronizing.
DISCUSSION
In the investigation conducted here, mainly the boride Fe 2 B was formed when carbon steels were boronized (Fig. 5) . The morphology of the boride layer became smoother with an increase in the carbon content of the steel. In each case, the boride layers were compact and adhered well to the substrate. The thickness of boride layer increased with an increase in temperature and the duration of the boronizing ope- 260  240  220  200  180  160  140  120  100  80  60  40  20   260  240  220  200  180  160  140  120  100  80  60  40  20   220  200  180  160  140  120  100  80  60  40 
